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SUMMARY 

The molecular clusters formed in laboratorr-grade pure nitrogen containing 
H20 and H2SO4 vapors and exposed to a 3-mCi Ni6 beta source have been studied 
in the mass range 50 to 780 m u  using a quadrupole mass spectrometer. Measure­
ments were made under several combinations of relative humidity (R.H.) and 
relative acidity (R.A.) in the ranges 0.7 to 7.5 percent (R.H.) and 0.00047 to 
0.06333 percent (R.A.). Several H20 and H2SO4 molecular clusters of the form 
( ~ 2 ~ 0 4 )  were detected for each R.H./R.A. combination. The rel-
NA*(H~O)N~*H+ 

ative intensities of the molecular clusters detected for a certain R.H./R.A. 
combination changed as R.A. and/or R.H. were changed. The number of H2SO4 mol­
ecules in the clusters ranged from l to 7, whereas the number of H20 molecules 
ranged from 1 to 16. Classical binary nucleation theory calculations, including 
the effects of ions present in the reaction chamber, indicate that stable and 
transient clusters of the type detected would be formed under the experimental 
conditions used in this study. However, the predicted cluster mass spectrum 
does not agree with the experimentally observed spectra for any of the R.H./R.A. 
combinations. The experimental clusters are much larger than the calculated 
cluster sizes. This discrepancy may be the result of inaccuracies in the values 
of the surface tension and the effective charge of the clusters used in the 
calculations. The first factor arises from the fact that a macroscopic value 
of the surface tension appropriate for a liquid phase (H2SO4 + H20) has been 
used in the calculations instead of a value more appropriate for small molec­
ular clusters. The second effect arises by virtue of the fact that the 
H20 molecule has a permanent dipole moment and the H2SO4 molecule has a sig­
nificant electrical polarizability. First-order calculations using modified 
surface tension values and including the effects of multipole moments of the 
nucleating molecules indicate that these effects may be enough to explain the 
disagreement between the calculated and the measured cluster spectra. 
INTRODUCTION 

Several recent studies have shown that the surfaces of environmental 
aerosols are enriched in a number of trace elements, some of which are known 
to be toxic. Jolly and coworkers (ref. 1) studied size-differentiated aerosols 
and found that S, Ca, Fe, Zn, Sn, and Pb are concentrated preferentially in the 
surfaces of the aircraft exhaust aerosols. Singh and coworkers (ref. 2) studied 
size-dependent composition of aerosols emitted from oil-fired heating plants and 
noted that Zn, Mo, Ag, and Pb have a tendency to concentrate preferentially in 
the smaller aerosols (i.e., exhibit preference for surface residence). Aerosols 
from municipal incinerators have been shown (ref. 3) to have an excess of K, S, 
Mn, and Ni in the aerosol surfaces. Aerosols emitted from coal-fired plants have 
been reported (ref. 4) to have surface enrichment in Cr, K, Mn, Na, Pb, S, T1, 
V, and Zn, but not in Al, Ca, Fe, Mg, Si, and Ti. More recent studies by Singh 
and Khandelwal (ref. 5) have shown that fly ash derived from combustion of 
eastern coal in a conventional power plant has a multimodal size distribution 
with d i f f e r e n t  modes having d i f f e r e n t  e lemental  compositions.  These f i n d i n g s  
sugges t  t h a t  d i f f e r e n t  t ypes  of aerosols p r e s e n t  i n  power p l a n t  emission are 
formed by q u i t e  d i f f e r e n t  processes. The excess  of Fe, K, C a ,  and T i  i n  t h e  
4.0-um s i z e  group is a t t r i b u t a b l e  to d e p o s i t i o n  of v o l a t i l e  compounds of t h e s e  
elements onto t h e  s u r f a c e s  of combustion aerosols as t h e  temperature dec reases  
up t h e  exhaust  stack. The excess  of sulphur i n  submicrometer aerosols w a s  
explained by heteromolecular nuc lea t ion  such as 2 NH3 + H2SO4 + (NH4)2SO4 
and n(H2O) + m(H2S04) +H2SO4 ( d i l u t e )  a t  t h e  s t a c k  top. Keyser and coworkers 
( r e f .  4 )  s tud ied  a u t o  exhaust aerosols and found t w o  d i s t i n c t  morphological 
forms. The f i r s t ,  i nvo lv ing  l a r g e r  p a r t i c l e s ,  e x h i b i t e d  an excess  of Pb, B r ,  
C l ,  and S a t  t h e  par t ic le  s u r f a c e s  whereas t h e  second form involved submicro­
meter s p h e r i c a l  p a r t i c l e s  composed e x c l u s i v e l y  of Pb, B r ,  and C 1 .  The homo­
geneous na tu re  of smaller s p h e r i c a l  particles s u g g e s t s  t h a t  t h e i r  formation 
occur s  by a nuc lea t ion  p rocess  i n  which PbBrCl condenses to form q u i t e  pure 
molten d r o p l e t s  when t h e  temperature o u t s i d e  t h e  exhaust system f a l l s  below 
t h e  s a t u r a t i o n  p o i n t .  
I t  thus  appears  t h a t  gas - to -pa r t i c l e  phase conversion may p l a y  an important 
role i n  t h e  formation of submicrometer aerosols i n  high-temperature combustion 
sources - such as c o a l - f i r e d  power p l a n t s  and auto engine exhaus t s ,  Abrupt 
changes i n  t h e  temperature,  p re s su re ,  and r e l a t i v e  humidity encountered o u t s i d e  
t h e  combustion zone may f a c i l i t a t e  homogeneous heteromolecular nuc lea t ion  pro­
cess, even though t h e  condensation of v o l a t i l e  vapors  on t h e  e x i s t i n g  aerosol 
s u r f a c e s  is known to  be a s t r o n g  competitor. However, l a r g e  numbers of charged 
s p e c i e s  present '  i n  t h e  combustion exhaust  may provide c e n t e r s  of a t t r a c t i o n  to  
form aerosols through ion-induced heteromolecular nuc lea t ion  process. 
T h e o r e t i c a l  c o n s i d e r a t i o n s  ( r e f s .  6 to  9 )  and l i m i t e d  experimental  results 
( r e f s .  10, 11, and 12)  a v a i l a b l e  demonstrate t h a t  u l t r a f i n e  aerosols can be 
formed by heteromolecular nuc lea t ion  under s u i t a b l e  environmental  c o n d i t i o n s .  
However, t h e  s t r u c t u r e  of t h e s e  aerosols, whose s i z e  a t  t h e  nuc lea t ion  time is 
only of t he  order of a few angstroms, has not  been s t u d i e d  w e l l  experimental ly .  
It is bel ieved t h a t  t h e  molecular s t r u c t u r e  of t h e s e  u l t r a f i n e  aerosols is a 
c r i t i c a l  t es t  of t h e  classical l i q u i d  drop theory of nuc lea t ion  p rocess  d i s ­
cussed i n  t h e  s e c t i o n  "Theore t i ca l  Background ,I1 
I f  w a s  t h e r e f o r e  decided to  s imulate ,  i n  a r e a c t i o n  chamber, t h e  r e l e v a n t  
environmental  cond i t ions  encountered i n  a combustion exhaust and to  s tudy  t h e  
formation of u l t r a f i n e  aerosols, using a quadrupole mass spectrometer. The 
f i r s t  set of experiments involved gaseous H 2 0  and H2SO4 mixtures  and an ioniz­
ing r a d i a t i o n  source. The va lues  of r e l a t i v e  humidity and r e l a t i v e  a c i d i t y 2  
i n  t h e  r e a c t i o n  chamber were c o n t r o l l e d  so as  to provide,  f o r  t h e  most part, 
a s t a b l e  region f o r  t h e  c l u s t e r  formation. The r e s u l t s  of t h e s e  i n i t i a l  experi­
ments are discussed i n  t h i s  paper. 
-~~ 
l I t  is p o s s i b l e  t h a t  Coulomb f o r c e s  may p l a y  an important r o l e ,  due to  t h e  
polar na tu re  of t he  molecular s p e c i e s  involved i n  many of t h e  high-temperature 
combustion r e a c t i o n s ,  even i n  t h e  absence of i o n i c  r e a c t a n t s .  
2Relat ive a c i d i t y  is de f ined  as t h e  ra t io  of t h e  ambient vapor p r e s s u r e  
to t h e  s a t u r a t i o n  vapor pressure of H2SO4, with t h e  l a t t e r  v a l u e s  a t  v a r i o u s  
temperatures having been taken from r e f e r e n c e s  13  and 14. 
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PNAINB 

Q 
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R.A. 

R.H. 

r 
r 0  

T 

E 
P 

0 
0 mac 
elementary charge 

Gibbs free energy 

Boltzmann constant 

molecular weight of component A or B 

number of molecules of species A or B 

number of moles of component A or B in embryo 

environmental vapor pressure of component A or B 

equilibrium partial vapor pressure of A or B over flat surface 

of solution 

probability of ion clusters containing NA molecules of A and 

NB molecules of B 

charge of cluster 

universal gas constant 

relative acidity 

relative humidity 

radius of embryo 

radius of ion core 

temperature of reaction chamber, absolute units 

dielectric constant of cluster 

density of.mixture 

surface tension of mixture in embryo 

macroscopic surface tension 

THEORETICAL BACKGROUND 

The molecular interaction and subsequent aerosol formation in the reaction 

chamber can be described as follows: 

3 

I 
The Gibbs f r e e  energy AG of formation of l i q u i d  embryos i n  a b ina ry  gas  
mixture i n  t h e  absence of any i o n i z a t i o n  source is g iven  by t h e  fol lowing 
equa t ion  ( r e f .  1 5 ) :  
where 
"A,B number of moles of component A or B i n  embryo 
R un ive r sa l  gas cons t an t  
T temperature of r e a c t i o n  chamber, a b s o l u t e  u n i t s  
PA,B environmental  vapor pressure of component A or B 
psol equ i l ib r ium par t ia l  vapor p r e s s u r e  of A or B over f l a t  s u r f a c e  of
A,B s o l u t i o n  
r r a d i u s  of embryo 
(J surface t ens ion  of mixture  i n  embryo 
As shown by H e i s t  and R e i s s  ( r e f .  1 5 ) ,  a plot  of AG as a func t ion  of nA 
and nB i n  three-dimensional space e x h i b i t s  a s a d d l e  p o i n t  which corresponds 
to  the  minimum he igh t  of t h e  free energy b a r r i e r .  Once a c l u s t e r  reaches t h e  
r a d i u s  corresponding to t h e  sadd le  po in t ,  it is nuc lea t ed  and can grow to  a 
l a r g e r  d r o p l e t .  The r a d i u s  and t h e  composition of t h e  c luster  a t  t h i s  p o i n t  
are c a l l e d  c r i t i c a l  va lues .  These va lues  can be ob ta ined  as f o l l o w s ,  A t  t h e  
sadd le  po in t ,  
"A = O  J 
Applying t h i s  c r i t e r i o n  to  equat ion ( l ) ,  one o b t a i n s  the  fol lowing equa t ions  
( r e f .  1 6 ) :  
4 

where 

P density of mixture 
MA,B molecular weight of component A or B 

Equations (3 )  and ( 4 )  are called generalized Kelvin equations. whenever 
numerical values of nA and nB are known, the size and composition of the 
embryo can be obtained by simply solving equations (3) and ( 4 ) .  Numerical 
sol, PBvalues of PA sol, U, and p at various temperatures are available for 
certain compositions in standard references (refs. 13, 17, and 18). Their 
values for any other composition can be easily calculated by interpolation. 

The values of PA and PB in the reaction chamber can be contcolled such 

that the mass number of the embryo is within the range of the mass spectrometer

(7780amur in the present instance). 

In the case of ionized interacting species, as is expected to be the case 

in high-temperature combustion exhausts, equation (1) should be modified to 

include an extra term due to electrostatic effects, as follows: 

where 

Q charge on cluster 

E dielectric constant of cluster 
f0 radius of ion core 

If it is assumed that & >> 1 and r3 >> rO3, substitution of equation (5 )  
in equation (2) yields the following equations (ref. 8 )  : 
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I t  has  been demonstrated i n  r e fe rence  9 t h a t  t h e  su lpha te  aerosols formed through 
the  ion-induced nuc lea t ion  process can be c l a s s i f i e d  as s t a b l e ,  t r a n s i t o r y ,  or 
uns t ab le  depending on t h e  va lues  of PA and PB i n  t h e  r e a c t i o n  chamber. 
S ince  t h e  stable aerosols are of t h e  order  of a few angstroms, they  can  be 
detected with a mass spectrometer wi th  a h igh  degree o f  accuracy and c o n s t i t u t e  
a c r i t i c a l  test  of t h e  l i q u i d  drop m o d e l  of  nuc lea t ion .  Very l i t t l e  exper i ­
mental  work  has  been reported about  t h e  s i z e  and composition of t h e s e  s t a b l e  
u l t r a f i n e  aerosol c lusters .  Most of t h e  reported s t u d i e s  ( r e f s .  10 ,  11 ,  and 1 2 )  
d e a l  wi th  t h e  measurement of aerosol nuc lea t ion  ra te  ( i . e . ,  t h e  number of  aero­
sols formed per u n i t  volume per u n i t  time). Some reported s t u d i e s  have i n f e r r e d  
t h e  cluster s i z e s  from t h e  measured va lues  of t h e i r  mob i l i t y  and do n o t  attempt 
to  provide information about  t he  composition of t h e  c lusters  ( r e f .  1 0 ) .  A mass 
spectrometric measurement, on t h e  o the r  hand, should provide  information about  
the  mass and composition of t he  c lus t e r s  formed i n  ion-molecule and molecule-
molecule c o l l i s i o n s .  
I n  practice, even i n  t h e  s t a b l e  region, more than one type of c lus t e r s  w i l l  
be observed. However, t h e  most probable  type w i l l  be t h e  one fo r  which t h e  f r e e  
energy is a minimum. The p r o b a b i l i t y  p of  e x i s t e n c e  of ion c lus te rs  conta in­
ing NA molecules of t h e  species A and NB molecules of species B is given by 
the  fol lowing expression:  
mL---sexpress ion  has  been used to calculate re t t i v e  p r o b a b i l i  ies f o r  va r ious  
compositions of  t h e  (H2S04)NA'(H20) *H+ microc lus t e r s .  
NB 
EXPERIMENTAL PROCEDURE AND RESULTS 
Figure  1 shows a schematic  diagram of t h e  experimental  system used i n  t h e  
p re sen t  s tudy.  Laboratory-grade pure n i t rogen  (99.998 pe rcen t )  was used as t h e  
carrier gas  to  in t roduce  predetermined ratios of H2SO4 and H20 vapors i n t o  t h e  
r e a c t i o n  chamber. The r e a c t i o n  chamber is made up of t w o  c y l i n d r i c a l  s e c t i o n s  
of pyrex g l a s s  and a f l e x i b l e  (bellowed) metal sec t ion .  The l a r g e r  pyrex sec­
t i o n  has  a diameter of  15.24 c m  (6.0 in . )  and l e n g t h  of  19.05 cm (7.5 i n . )  
6 
i 
whereas the smaller section has a diameter of 3.81 cm (1.5 in.) and length of 
10.16 cm (4 .0 in.). The flexible metal section has a diameter of 3.81 cm 
(1 .5  in.) and length of 10.16 cm (4 .0  in.). The free end of the metal section 
is connected to the mass spectrometer by a 25-pm-diameter collimator. The source 
region is located at the end of the flexible metal section nearest to the colli­

mator separating the reaction chamber from the mass spectrometer. 
 With this 

experimental arrsngement, the pressure in the mass spectrometer was ~l 0-5 torr 
(a rather high value for the mass spectrometer). (1 torr = 1.3 x lo2 Pa.) How­
ever, it was necessary to use a pressure 250 torr in the reaction chamber to 
produce a sufficient number of positive ions for initiating nucleation. A 3­
mCi Ni63 beta source was used to produce positive ions in front of the colli­
m a t ~ r . ~(1 Ci = 3.7 x 1O1O Bq.) The primary ionization products in the source 
region would be N2+ and the ions of the trace components (H20 and H2SO4). 
 How­

ever, given sufficient time to react, the terminal positive ions would almost 

entirely be of the form H+=(HzO)~where N can vary from zero to a larger 

number, although some (N2IN and H+*(H20)*(N2), may also be observed 

(refs. 19, 20, and 21). It is the dominant H+*(H20)N ions that are believed 

to nucleate almost all of the (H2S04)NA*(H20) -H+ microclusters in the source

NB 

region. The microclusters formed have to travel a distance of approximately 
2 mm outside the source region before entering the mass spectrometer region. 
The mean free path for N2 molecules in the reaction chamber at a pressure of 
1/3 atm (1 atm = 1.013 x lo5 Pa) is of the order of mm, resulting in a 
large number of collisions between N2 molecules and the microclusters outside 
the source region, before they leave the reaction chamber. There may be addi­

tional collisions as the carrier gas and the microclusters expand into the mass 

spectrometer vacuum. Some of these collisions may lead to a modification of 

the primary clusters, i.e., some clusters may increase or decrease in mass 

depending on the nature of the colliding partners. However, collisions between 

primary microclusters are less likely than collisions between the carrier gas 

molecules and the primary microclusters. The latter collisions can only cause 

fractionation of the primary clusters. Thus, the experimentally observed 

cluster spectrum may contain a larger number of smaller clusters than the 

primary cluster spectrum produced in the source region. The microclusters were 

detected using a Cu-Be electron multiplier and a picoammeter. Because of the 
presence of H2SO4 in the nucleation clusters, the electron multiplier had to 
be replaced frequently - usually after a continuous use for a period of approxi­
mately 1 month. The spectrometer was calibrated using SF6 and perfluorotribu­
tylamine test gases. 
The room temperature and the temperature, pressure, and relative humidity 
in the reaction chamber were monitored continuously during the measurements. A 
conventional dewpoint hygrometer was used to measure the moisture content in 
, -. , .. .,.._- - - . . - . . -. .. . . ... ~ .~~ . _ _ _ - ~ - .___.-. 
3The choice of the Ni63 source was dictated by its low beta end-point energy 

and its ability to withstand the high temperature needed to bake out the reaction 

chamber. 
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the reaction chamber. There have been some reports (ref. 22 and refs. cited 
therein) indicating that the performance of a dewpoint hygrometer is-afunction 
of the H2SO4 vapor content of the environment. No definitive evidence of water 
dewpoint dependence on the rather low H2SO4 content of the gas mixture in the 
reaction chamber was found in the present study. The calculated values of R.H. 
in the reaction chamber were always higher than the measured values. This was 
interpreted to .implythat the carrier gas bubbling through H20 did not become 
saturated at the flow rate used in this study. It was therefore decided to use 
the measured value of the moisture content, rather than the calculated values 
which are based on the assumption that the carrier gas after bubbling through 
a water column would be saturated with moisture. On the other hand, the cal­
culated values of H2SO4 concentration were found to be in reasonable agreement 
with the measured values based on a BaC12 + H2SO4 -+ Bas04 + 2 HCl pH test. 
Hence, it was decided to use the calculated values of H2SO4 vapor concentration, 
particularly since there is no quick and simple way of measuring H2SO4 concen­
tration in the reaction ~hamber.~ 
The nucleation spectra were measured for several combinations of R.A. and 
R.M., summarized in table I. Most of the R.A./R.H. combinations studied pro­
vided a stable region for cluster formation in the reaction chamber (ref. 9). 
Figure 2 shows a typical cluster mass spectrum. The values of R.A. and R.H. 
in the reaction chamber were 0.0018 percent and 1.6 percent, respectively. 
Several clusters of the type (H2SO4) '(H20)NB*H+ with NA = 1 to 6 and 
NA 

NB = 1 to 15 are present in the spectrum. No cluster spectrum was observed 
when the Ni63 radiation source was shielded from the reaction chamber. This 
result clearly shows that the nucleation rate is strongly influenced by the 
ions produced by the radioactive beta source. 
An examination of table I shows that the R.A./R.H. combinations studied 
fall in two broad groups: group I, where R.H. is held constant and R.A. is 
allowed to change, and group 11, where R.A. is held constant and R.H. is 
allowed to change. 
Figures 3 to 5 illustrate the cluster spectra observed under several com­
binations of R.A. and R.H. values. In general, the increasing acidity of the 
reaction chamber gas mixture tends to increase the intensity of the clusters 
with a larger number of H2S04 molecules in them, whereas the increasing humidity 
tends to increase the H20 content of the molecular clusters. 
COMPARISON WITH THEORY 

Typical comparison between the theory and the experiment is exemplified 

by a discussion of the results shown in figure 2. The clusters observed in 

41t should perhaps be noted that the carrier gas bubbling rate through 
H2SO4 was very low ( [ ml/min), thus providing ample time for saturation. On the other hand, the carrier gas bubbling rate through the water column was 
higher (5100 ml/min), thereby allowing insufficient time for saturation. 
8 
t h i s  f i g u r e  f a l l  i n  t h e  fo l lowing  broad groups i n  descending o rde r  of i n t e n s i t y  
( t h e  f i r s t  number wi th in  t h e  b racke t s  r ep resen t s  t h e  number of  H2SO4 molecules, 
t h e  second number represents t h e  number of H 2 0  molecules, and t h e  t h i r d  number 
r ep resen t s  t h e  H+ ion i n  t h e  c lus te r ) :  
Group 1 (5,x,1)  Group 4 (4 ,x ,1)  
G r o u p  2 (1 , x , l )  Group 5 (31x11) 
Group 3 (2 ,x ,1)  Group 6 ( 6 , x t l )  
The experimental  c lus te r  s i z e  spectrum is summarized i n  t a b l e  I I ( a ) .  
The c a l c u l a t e d  c lus te r  groups under t h e  same environmental  cond i t ions ,  i n  
descending order  of i n t e n s i t y ,  are as follows: 
Group 1 (1 , x , l )  
The c a l c u l a t e d  c luster  s i z e  s p e c t r u m  is summarized i n  t a b l e  I1 (b) . 
I t  is clear from t a b l e s  I I ( a )  and I I ( b )  t h a t  t h e  observed cluster s i z e s  are 
cons iderably  l a r g e r  than t h e  p red ic t ed  s i z e s  �or t h e  s e l e c t e d  R . A .  and R . H .  com­
b ina t ion .  This  d i screpancy  could r e s u l t  from the  fo l lowing  f a c t o r s :  
(a)  The numerical  va lues  of  t h e  s u r f a c e  t ens ion  fo r  t h e  cluster,  used i n  
c a l c u l a t i n g  s t a b l e  cluster s i z e ,  may be i nappropr i a t e .  The s u r f a c e  t ens ion  
va lues  used i n  c a l c u l a t i n g  t h e  resu l t s  summarized i n  t a b l e  I I ( b )  are t h e  macro­
scopic va lues  f o r  t h e  l i q u i d  phase corresponding to t h e  particular cluster com­
p o s i t i o n s .  I t  is n o t  obvious a priori whether t h e  macroscopic l i q u i d  phase 
value of  t he  s u r f a c e  t ens ion  is appropriate f o r  a c l u s t e r  conta in ing  only  20 
or less m o l e c u l e s .  
(b) The electrostatic term f o r  t h e  d i s t r i b u t e d  charges  i n  t h e  cluster may 
be inadequate .  C a l c u l a t i o n s  assume t h e  cluster to be a s p h e r i c a l  d rop  with a 
u n i t  charge.  However, t h e  cluster, most l i k e l y ,  is no t  s p h e r i c a l  and t h e  
electrostatic term i n  t h e  express ion  for Gibbs f r e e  energy does  n o t  t a k e  
account of t h e  f a c t  t h a t  t h e  H20 molecule has  a permanent dipole moment and t h e  
H2SO4 molecule has a h igh  va lue  of  electrical p o l a r i z a b i l i t y .  The c a l c u l a t i o n s  
thus  underest imate  t h e  electrostatic e f f e c t s  and hence t h e  c l u s t e r  s i z e .  
(c) Because  of  r a t h e r  h igh  p res su re  i n  t h e  r e a c t i o n  chamber, m u l t i p l e  
c o l l i s i o n s  involv ing  primary c l u s t e r s  after l eav ing  t h e  source  region may l ead  
to l a r g e r  secondary clusters. However, as has  been d iscussed  ear l ier ,  colli­
s i o n s  between primary clusters are less l i k e l y  than c o l l i s i o n s  between t h e  
carrier g a s  (N2) molecules  and t h e  primary c l u s t e r s .  The lat ter c o l l i s i o n s  can  
only  cause f r a c t i o n a t i o n  of primary c l u s t e r s  y i e l d i n g  y e t  smaller s i z e s .  I t  
would thus  appear t h a t  t h e  causes of discrepancy between t h e  theory  and t h e  
experiment l i e  i n  f a c t o r s  (a) and (b). It should,  of  course ,  be poin ted  o u t  
t h a t  n e i t h e r  coa lesence  nor f r a c t i o n a t i o n  e f f e c t s  have been included i n  t h e  
t h e o r e t i c a l  c a l c u l a t i o n s .  
9 
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I n  order  to  estimate t h e  p o s s i b l e  importance of t h e  above-stated factors, 
c a l c u l a t i o n s  of cluster spectra were made, f o r  t h e  same R.A./R.H. combinations 
as i n  f i g u r e  2, f o r  t h e  fo l lowing  special cases: 
I (a) Q = l e  (where e is t h e  elementary charge)  
The va lue  of s u r f a c e  tens ion  used i n  these  c a l c u l a t i o n s  w a s  U = Gmac (where 
omac is t h e  macroscopic su r face  t e n s i o n ) .  
The value of t he  electrostatic charge i n  t h e  cluster was taken to  be Q = l e  
i n  t h e s e  c a l c u l a t i o n s .  
Th i s  combination of va lues  of Q and CJ was s e l e c t e d  s i n c e  it appeared to  
p r e d i c t  t h e  c l u s t e r  mass spectrum closest to t h e  observed d a t a .  
The r e s u l t s  of these  c a l c u l a t i o n s  are  summarized i n  t a b l e s  111 to V I I .  
Table  I11 c l e a r l y  shows t h a t  i nc reas ing  t h e  e f f e c t i v e  charge i n  t h e  c l u s t e r s  
i n c r e a s e s  the  cluster s i z e ,  i . e . ,  t h e  number of  H2SO4 and H20 molecules i n  the  
cluster goes up with t h e  inc reas ing  cluster charge .  S imi l a r ly ,  t h e  decreas ing  
va lue  of the  surface tens ion  l e a d s  to  an inc reas ing  cluster s i z e ,  whereas an 
inc rease  i n  t h e  s u r f a c e  t ens ion  value reduces t h e  c l u s t e r  s i z e  ( t a b l e  I V )  , A s  
seen from t a b l e s  V to V I I ,  combining t h e  higher  va lue  of t h e  e f f e c t i v e  charge 
with t h e  lower va lue  of  t h e  s u r f a c e  t ens ion  p r e d i c t s  l a r g e  c l u s t e r s  of t h e  
types  (5 rx r1 )1  ( 6 1 ~ , 1 ) ,  ( 7 , x , l ) ,  and (8 ,x ,1 ) ,  Except f o r  c e r t a i n  smaller 
members of ( 5 , x , l )  and ( 6 , x , l )  groups, most of t h e s e  c l u s t e r s  f a l l  o u t s i d e  
the  mass range of  t h e  d e t e c t i o n  system used. However, secondar ies  produced by 
t h e  f r a c t i o n a t i o n  of  a l l  t h e  c l u s t e r s  p red ic t ed  would be de t ec t ed  i f  t h e i r  mass 
f a l l s  i n  t h e  exper imenta l ly  d e t e c t a b l e  range. Thus, it is q u i t e  p o s s i b l e  t h a t  
t h e  exper imenta l ly  observed c l u s t e r  spectrum summarized i n  t a b l e  I I ( a )  is n o t  
i n c o n s i s t e n t  with t h e  p r e d i c t i o n  of t h e  modifed classical nuc lea t ion  theory 
(CJ = 1/2 CJmac; Q = 2 e ) .  
~. 
?Ordinar i ly ,  one would expec t  ( r e f s .  23, 24,  and 25) t h e  microscopic su r face  
tens ion  value to be less than t h e  bulk va lues .  However, a va lue  of 0 = ~cJ,,, 
has  been included i n  t h e  c a l c u l a t i o n s  fo r  emphasizing t h e  e f f e c t s  of changing 
s u r f a c e  tens ion  on the  microcluster spectrum. 
10 
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From these comparisons, it can be concluded that more appropriate values 
of (5 and Q in equation (5) may lead to much larger nucleation clusters, in 
agreement with those observed experimentally. It should, of course, be remem­
bered that the experimental cluster spectrum is complicated by the fact that 
the collision between the primary clusters and the carrier gas molecules may 
result in the breakup of some of the clusters providing smaller secondary 
clusters. Thus it would be necessary to incorporate these collision-induced 
fractionation effects in the calculated spectra before a direct comparison 
with the experiment can be made. 
CONCLUDING REMARKS 

A detailed study of ion-induced nucleation in binary mixtures of H20 and 

H2SO4 gases has been conducted. There is strong experimental evidence that the 

presence of positive ions in the mixture accelerates the nucleation process 

greatly. The presence of clusters formed by H'(H20) ion attaching itself to 

H2SO4 and H20 molecules was first detected by Bricard and coworkers with mobil­

ity measurement technique. The present study is probably the first direct 

detection of (H2S04)NA-( H Z O ) ~ ~ - H + 
ions with a mass spectrometer. A determina­

tion of the cluster mass provides direct information about its composition, 

which is believed to be a critical test of the liquid drop model of nucleation. 

On the basis of the experimental results discussed in this paper, the following 

broad conclusions can be drawn about the classical theory of ion-induced nucle­

ation in H20 and H2SO4 binary mixtures: 

(1) The macroscopic surface tension value for the (H2SO4 + H20) liquid is 
not appropriate for the (H2S04)NA*fH20)
NB 
*H+ nucleation clusters. This, of 
course, is not surprising in view of the very small size of the nucleation 
clusters, 
(2) The effective charge on the (H2S04)NAv(H20)
NB 
*H+ clusters is not the 

unit positive charge carried by the H+ or (H3O)' ion. Experimental data indicate 

a value closer to two units of charge, suggesting the importance of dipole moments 

of H20 and H2SO4 (induced) molecules. Perhaps a more accurate treatment of elec­

trostatic potential would include the effects of distributed charges in the cluster. 

Calculations based on modified values of surface tension and the cluster charge 

do indicate the importance of these factors in determining the nucleation cluster 

spectrum. 

(3) The necessity of maintaining high pressure (750 torr) in the reaction 

chamber introduces complications caused by multiple collisions involving the 

clusters and the carrier gas molecules. These complications include fraction­

ation as well as coalescence of the primary clusters, leading to secondary 

clusters of quite different sizes. The calculated cluster spectra must there­

11 
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fore include the fractionation/coalescence effects before they can be compared 

with the experimental cluster spectra. 

Langley Research Center 

National Aeronautics and Space Administration 
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TABLE I.- COMBINATIONS OF RELATIVE ACIDITY AND RELATIVE HUMIDITY UNDER WHICH 
CLUSTER SPECTRA WERE INVESTIGATED IN THE PRESENT STUDY 
[Reaction chamber temperature ranged from 38.9 f 0 . l o  C to 52.3 f 0.lo Cl 
Number percent percent percent percent 
(a) (a) 
1 0,00047 7.5 17 0.00320 2.5 
2 ,00053 1.3 18 .00320 2.6 
3 ,00054 1.3 19 .00380 5.2 
4 .00060 .7 20 .00440 1.4 
5 .00060 1.4 21 ,00442 1.4 
6 .00060 1.8 22 .00450 1.5 
7 * 00100 1.6 23 .00460 1 . 5  
Zalculated R.A., Yeasured R.H., 
qumber 
Zalculated R.A., Measured R.H , 
8 .00105 .7 24 .00470 
9 ,00150 1.8 25 ,00480 5.9 
10 .00180 1.4 26 ,00630 4.8 
1 1  ,00181 1.4 27 .00632 4.8 
12 .00182 1.4 28 .00634 4.8 
13 ,00182 1.5 29 .01840 1.3 
14 ,00182 1.6 30 ,03630 1.4 
15 ,00290 5.6 31 .04760 7.4 

16 .00300 5.0 32 ,06333 5.0 

_ - - ­
aThe accuracy of the measured values of R.H. is determined almost 

entirely by the accuracy of the condensation mirror temperature sensor, 

which in the present instance was k0.2O C. 
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TABLE 11.- SUMMARY OF NUCLEATION CLUSTERS IN AN 
H2SO4 AND H20 GAS MIXTURE 
[R.A. = 0.0018 percent; R.H. = 1 . 6  perCenq 
(a) Experimental 

.~ _...-_ -- - -- ._.--- - . 
Number Cluster composition, 
Relative intensity, 
percent 
. -
1 ( 5 , x , 1 )  
x = 3 ,4 ,10 ,11 ,12 ,13  
23 .92  
2 (1 , X I 1 1  
x = 11,12 ,13  
23.76 
3 
4 ( 4 , x , 1 )  18 .33  
x = 3 , 4 , 5 , 6 , 1 2 , 1 4  
5 ( 3 , x , 1 )  7 .26  
x = 6,7 ,11  
6 4 .10  
_ _  
7 
16 

1 
2 
3 
4 
5 
6 
7 
8 
TABLE 11.- Concluded 
(b) Calculateda 
Number Cluster composition, 
I
-
Probability, 
percent 
39.61 

28.07 

8.76 

7.21 

5.69 

4.91 

3.43 

1.62 

aThe calculated values are based on the 
following assumptions: 
Effective cluster charge Q = le. 
Effective cluster surface tension (3 = amac.t 
17 
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TABLE 111.- SUMMARY OF CALCULATED CLUSTER CHARACTERISTICS AS A 

FUNCTION OF EFFECTIVE CLUSTER CEIARGE 

[R.A. = 0.0018 percent :  R.H. = 1 . 6  percent :  0 = am,,] 

Q = l e  Q = 2e i 
N u m b e r  :luster composi t i o n ,  p r o b a b i l i t y ,  P r o b a b i l i t y  
(H2SO4)NA* (H20) -Hi per cen t  p e r c e n t
NB 
1 39.61 13.88 
2 28.07 13 .  03 
3 8.76 10.40 
4 7.21 9 .50  
5 5.69 8.46 
6 4.91 8 . 4 3  
7 3.43 4.42 
8 1 .62  4.40 
9 3.82 
1 0  3.  03 
11 1 .63  
'The e lectrostat ic  term has been ccmputed assuming a doubly charged 
s p h e r i c a l  cluster,  
18 

1 
2 
3 
4 
5 
6 
7 
8 
TABU m.-SUMMARY OF CALCULATED^ CLUSTER CHARACTERISTICS AS A FUNCTION 

OF EFFECTIVE SURFACE TENSION I N  THE CLUSTER 

[R.A.  = 0 . 0 0 1 8  p e r c e n t ;  R.H. = 1 . 6  p e r c e n t ;  Q = l e ]  

- .  
u = 2amacCJ = 1 / 2  umac I - . . . .. . . ... .. -. .._.. . t .  . ..;--
P r o b a b i l i t y ,  C l u s t e r  composition , P r o b a b i l i t y ,  
p e r c e n t  (H2SO4) (H20) NB.II+ p e r c e n t
NA~. . . - .-
~ . -~ , 
2, 41 1 3 0 . 9 8  1 , 1 , 1  9 3 . 2 9  
21 311 2 3 . 0 4  l r 2 , l  6 .  31 
2 , 5 , 1  1 8 . 4 3  1 1 3 1 1  . 1 51 
11311 5 . 4 2  211I1  . 1 4  
2 I 2 ,  1 4 . 9 3  
2 ,6r  1 4.61 
1 1 4 1 1  4 . 3 8  
;
1 I 2 I 1  1 1 .41  
l
l 
g 31511 1 f 1 . 3 9  
iI 1 0  1 , 5 1 1  1 . 3 7  
11 3141 1 1 . 1 5  - - ...- . .  . .  . _ .  .- - - .  - . - ­
1 9  
I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
- 
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TABLE V.- SUMMARY OF CALCULATEDa CLUSTER CHARACTERISTICS 
R.A. = 0.0018 percent: R.H. = 1.6 percent;1
4 

6,13,1 

6,12,1 

5,12,1 

5,13,1 

5,11 ,l 

6,14,1 

6,11 ,l 

6,15,1 

5,10,1 

5,14,1 

6,10,1 

7,13,1 

7,14,1 

6,16,1 

5,9,1 

7,12,1 

7,15,1 

5,15,1 

7,16,1 

7,ll ,l 

8,14,1 

8,15,1 

-
Probability, 

percent 

-
9.10 

8.97 

8.49 

7.57 

7.23 

c 

6.82 

6.74 

5.05 

4.53 

3.93 

3.48 

2.65 

2.53 

2.36 

2.04 

1.97 

1 .88 

1.58 

P
1.18 

1.14 

.25 

.25 

aThe clusters have been assumed to be doubly 

charged spherical droplets. 
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TABLE VI.- SUMMARY OF CALCULATED CLUSTER GROUPSa 

F.A. = 0.0018 percent; R.H. = 1.6 percent; 
L Q = 2e; 0 = 1/2 Umac 1 
. 
Cluster Cluster composition, Probability, percent 
. .. . _ _  
1 (51x11) 
x = 9,10,11,12,13,14,15 
35.37 
2 (6,X,1) 
x = 10,11,12,13,14,15,16 
42.52 
3 (7,x,1) 
x = 11,12,13,14,15,16 
11.35 
4 (8,X,1) 
x = 14,15 
.50 
. .  . . .. ..--. - ­
aMost of the clusters predicted are outside the mass range of 

the detection system used. Only a few members of (5,x,1) and (6,x,l) 

cluster groups would be detected. However, secondaries produced 

by the fractionation of all the cluster groups predicted will be 

detected if their mass falls in the detectable range of the present 

system, 50 to 780 mu. 
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TABLE VI1.- SUMMARY OF CALCULATED CLUSTER SPECTRA 
DETECTABLE I N  THE PRESENT STUDY 
R.A.  = 0 , 0 0 1 8  p e r c e n t ;  R . H .  = 1 . 6  p e r c e n t ;  
Q = 2e; 0 = 1/2 Dmac 1 
C l u s t e r  group C l u s t e r  composition, I Relat ive i n t e n s i t y ,  
(H2SO4) NA (H20)
NB
*E+ I p e r c e n t  
I I -_ ~ I 
1 (51Xr1I 35 .37  
x = 9,10 ,11 ,12 ,13 ,14 ,15  
2 ( 6 , x , 1 )  1 0 . 2 2  
x = 1 0 , l l  
. . 
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Figure 1.- Schematic diagram of experimental system used in study of ion-induced 
nucleation in (H20 + H2SO4) gas mixture. 
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Figure 2 . - Typical c luster mass spectrum. 
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F i g u r e  3 . - T y p i c a l  c l u s t e r  
o n  
R.A.= 0.001IO/o 
R.H.= 1.6 O/o 
I 
R.A = 0.00I6 O/o 
R.H.= I. 5O/o 
R.A.=0.0018°/o 
CLUSTER MASS ( o m )  
spectra s h o w i n g  effect of d e c r e a s i n g  R . A .  
c l u s t e r  s p e c t r u m .  
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Figure 4,- Typical cluster spectra showing effect of increasing R . H .  on 
cluster composition. 
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Figure 5.- Typical cluster spectra showing effect of a small increase in R . H .  
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